Abstract. The RAF/mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) kinase (MEK)/ERK (RAF/MEK/ERK) signaling cascade serves a prominent role in hepatocellular carcinoma (HCC) proliferation. Sorafenib ) is a potent multikinase inhibitor of RAF kinases and a few receptor tyrosine kinases. Additionally, sorafenib causes apoptosis in a number of human tumor cell lines such as leukemia cell lines. Sorafenib is the first targeted drug to prolong the overall survival of patients with advanced HCC. However, sorafenib activity is less favorable in certain cancers, including sarcomas and melanomas, due to patient insensitivity and drug resistance. In the present study, a novel bi-aryl urea, N-(3-trifluoromethylphenyl)-N'-(2-methyl-4-(6-cyclopropanecarboxamido-pyrimidin-4-yl) oxyphenyl) urea (CBI-5725), is shown to be a potential candidate for the treatment of liver cancer. In the present study, the in vitro activities of CBI-5725 and sorafenib in PLC/PRF/5 HCC cells were examined and the corresponding in vivo antitumor activities in PLC/PRF/5 human tumor xenografts. An alamar blue assay confirmed that CBI-5725 was more cytotoxic than sorafenib to PLC/PRF/5 cells, suggesting that CBI-5725 inhibited tumor cell proliferation more potently than sorafenib. CBI-5725 inhibited the RAF/MEK/ERK signaling pathway to the same extent as sorafenib. In addition, CBI-5725 elicited cell cycle arrest in the G2/M phase, while sorafenib did not markedly alter the cell cycle. Furthermore, CBI-5725 induced apoptosis more strongly than sorafenib in a dose-dependent manner, which may be attributed to greater caspase-3 and poly(adenosine 5'-diphosphate-ribose) polymerase activation by CBI-5725. In the PLC/PRF/5 xenograft model, 2 mg/kg CBI-5725 inhibited tumor growth by 73%. At doses ranging from 6 to 18 mg/kg, CBI-5725 nearly completely prevented tumor growth. These results imply that the antitumor efficacy of CBI-5725 in HCC models may result from the suppression of the RAF/MEK/ERK signaling pathway, the induction of cell cycle arrest in the G2/M phase, and the initiation of caspase-3-dependent apoptosis. These observations suggested that CBI-5725 may be a potent novel compound for the treatment of HCC.
Introduction
Hepatocellular carcinoma (HCC) is recognized as the sixth most common cancer in the world and the third leading cause of cancer-related deaths (1) . HCC occurs at a higher annual incidence in Asia and Africa than in western countries, and finding effective treatments has therefore been a top priority in these countries. Since HCC is caused by chronic liver disease and is often diagnosed at an advanced stage, drugs are one of the main treatment options for patients with advanced HCC. Chemotherapeutics such as doxorubicin are currently the primary agents used to treat HCC; however, these cytotoxic molecules are non-selective and cause severe side effects (2) . Therefore, researchers have begun to investigate targeted therapeutics. Sorafenib is the only approved targeted drug for HCC patients (2) . It inhibits RAF serine/threonine kinases (mutant and wild-type B-RAF and C-RAF/Raf-1), which play a pivotal role in mitogenic and oncogenic signal transduction through the RAF/mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) kinase (MEK)/ERK (RAF/MEK/ERK) cascade involved in tumor proliferation (3) . In addition, sorafenib strongly inhibits tyrosine kinase receptors that promote angiogenesis, such as vascular endothelial growth factor receptor (VEGFR)2, VEGFR 3, platelet-derived growth factor receptor-β (PDGFR-β), Flt3, and c-Kit (4) . In addition to blocking the RAF/MEK/ERK pathway, sorafenib induces tumor cell apoptosis in hepatocellular PLC/PRF/5 cells independent of caspase activation (3) . Though sorafenib is the only available therapeutic agent that can prolong the overall survival of patients with advanced HCC, sorafenib resistance in HCC often prevents its long-term efficacy (5) . Generally, resistance to sorafenib can be attributed to two causes. First, HCC cells can harbor intrinsic resistance prior to drug treatment.
Ezzoukhry et al (6) reported that the sensitivity of different types of HCC cells to sorafenib is diverse and suggested that the drug resistance of some HCC cell lines (e.g., Hep3B) may occur spontaneously when sorafenib is used at clinically relevant concentrations (6) . Additionally, previous studies have demonstrated the paradoxical ability of sorafenib to activate RAF kinases by transactivating RAF dimers (7) . The biochemical rationale for sorafenib-induced activation of RAF kinases seems to be in line with the mechanisms underlying intrinsic sorafenib resistance in HCC. Second, acquired resistance to sorafenib during the course of therapy is often encountered in HCC (5, (8) (9) (10) . For example, somatic mutations in oncogenes and the activation of numerous oncogenic signaling pathways, e.g., the MAPK/RAS/ERK, TGFβ, and PI3K/PTEN/AKT pathways, contribute to the development of sorafenib resistance (2) . With the emergence of sorafenib, clinical studies have been performed with a range of drugs, primarily molecular targeted therapies; however, these trials have terminated in failure (11) . Despite this difficulty, there is still an urgent need to identify novel pharmaceutical drugs beyond sorafenib. CBI-5725 is a novel bi-aryl urea; the patent for this compound is owned by Crown Bioscience, Inc. (China). Due to its potent inhibitory effect on HCC cell proliferation ( Fig. 1) , CBI-5725 was selected for further investigation. In this paper, the anti-cancer effects of this compound on HCC tumor cells were assessed in vitro and compared with those of sorafenib in the PLC/PRF/5 (mutant K-RAS and wild-type B-RAF) HCC cell line. Furthermore, the mechanism underlying CBI-5725 activity was explored. A comparison of the anti-cancer effects of CBI-5725 and sorafenib is of great importance for understanding the underlying mechanism. The aim of this investigation was to identify a novel multikinase inhibitor as a potential candidate for the treatment of liver cancer.
Materials and methods
Compounds. Sorafenib was purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). CBI-5725 was synthesized by Crown Bioscience, Inc. (San Diego, CA, USA). The chemical name of CBI-5725 is N-(3-trifluoromethylphenyl)-N'-(2-methyl-4-(6-cyclopropanecarboxamido-pyrimidin-4-yl) oxyphenyl) urea. The structural formula is displayed in Fig. 1 . The compounds were dissolved in 100% DMSO (Applichem, Darmstadt, Germany) and diluted in minimum essential medium (MEM; MP Biomedicals, Solon, OH, USA) to a range of concentrations with a final DMSO concentration of 0.1%. Cells were treated with 0.1% (v/v) DMSO as a solvent control.
Cell lines. PLC/PRF/5 (mutant p53, mutant K-RAS, and wild-type B-RAF) human HCC cells were purchased from American Type Culture Collection (Manassas, VA, USA) and incubated in MEM with 10% fetal bovine serum (FBS; PAA, Austria) in a 5% CO 2 atmosphere at 37˚C.
Alamar blue assay. Tumor cells were trypsinized, plated at a density of 5,000 cells per well in 96-well plates and cultured overnight in a humidified chamber with 5% CO 2 at 37˚C. The next day, compounds were added to the wells at a final concentration ranging from 7.6 nM to 50 µM. The cells were treated with test compounds for 72 h at 37˚C. Subsequently, alamar blue was added at a 10-fold dilution in complete growth medium. This assay evaluates the number of viable cells per well based on fluorescent signal measurements. Cell cycle analysis. Flow cytometry was utilized to determine the cell cycle distribution. Cells (5x10 5 ) were plated into 6-well plates, incubated with test compounds for 24 h, collected, fixed in cold 70% ethanol overnight at -20˚C, washed once with PBS, and finally stained with propidium iodide (PI) solution (50 µg/ml PI and 50 µg/ml RNase A in PBS) for 30 min in the dark. The samples were then examined by flow cytometry.
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Annexin V-fluorescein isothiocyanate (FITC)/PI apoptosis assay. FITC-conjugated Annexin V (Annexin V-FITC)/PI double staining was used to quantitatively examine the proportion of apoptotic cells. Annexin V detects externalized phosphatidylserine, a marker of early apoptosis, while PI binds to nuclear DNA and is indicative of the loss of plasma membrane integrity associated with late apoptosis (12, 13) . (14, 15) . The total number of apoptotic cells is the sum of early and late apoptotic cells (16) (17) (18) . Cells were treated with tested compounds for 48 h, harvested, washed twice with PBS and then resuspended in 500 µl of binding buffer. A total of 5 µl of Annexin V-FITC was added to the cells, which were then incubated at room temperature for 10 min. Subsequently, 5 µl of PI was added, and the cells were incubated in the dark for another 10 min before analysis by flow cytometry.
Tumor xenograft experiments. Male NCr-nu/nu mice, aged 5 weeks, were purchased from Vital River (Beijing, China), for the in vivo study. The mice were housed and received water and food ad libitum. Experiments using these mice were performed in accordance with protocols approved by the Animal Ethical Committee of Xuanwu Hospital. Tumors were generated by harvesting PLC/PRF/5 cells from mid-log phase cultures using trypsin-EDTA (Invitrogen; Thermo Fisher Scientific, Inc.). PLC/PRF/5 cells (5x10 6 ) suspended in 50% Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) in serum-free medium were injected s.c. into the dorsal flank of each mouse. Sorafenib tosylate and CBI-5725 were dissolved in Cremophor EL/95% ethanol (50:50; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). When PLC/PRF/5 tumors reached 200 to 220 mm 3 , sorafenib tosylate was administered p.o. once daily for 14 days at 8 or 20 mg/kg body weight. CBI-5725 was administered p.o. once daily for 14 days at 2, 6, or 15 mg/kg body weight. The control group received vehicle treatment. Tumors were measured using a Vernier caliper, and tumor volume was determined by measuring the longest (a) and shortest (b) diameters and was calculated using the equation axb 2 xπ/6.
Statistical analysis.
All experiments were conducted at least three independent times. The data were examined by one-way ANOVA, and individual groups were compared by Tukey's post hoc test. Statistical significance was determined at a confidence interval of at least 95%.
Results

CBI-5725 inhibits PLC/PRF/5 cell proliferation.
Alamar blue was used to measure the inhibitory effect of CBI-5725 on PLC/PRF/5 cell growth. Increased cell death and debris, decreased cell density, and cell shrinkage were observed after 72 h of CBI-5725 treatment. As shown in Fig. 1 , the inhibitory effect of CBI-5725 on PLC/PRF/5 cell growth occurred in a dose-dependent manner. The IC 50 of CBI-5725 in PLC/PRF/5 cells was 0.83±0.09 µM, whereas the IC 50 of sorafenib was 4.99±0.13 µM, indicating that CBI-5725 is more cytotoxic than sorafenib.
CBI-5725 inhibits the RAF/MEK/ERK signaling cascade in PLC/PRF/5 cells.
RAF kinases are essential regulators of the MEK/ERK cascade, which regulates multiple physiological functions required for cell growth and survival (19) . However, overactivation of this pathway induces abnormal cell growth and malignant behavior in human tumors. Abnormal tumor growth is usually induced by the activation of ERK signaling via mutations in RAS and RAF (20, 21) . Up-regulated RAF/MEK/ERK signaling plays a prominent role in HCC (22) . To compare the effects of CBI-5725 and sorafenib on RAF/MEK/ERK signal transduction in PLC/PRF/5 cells, Western blot analyses were performed to examine alterations in the phosphorylation level of key proteins in this pathway.
As shown in Figs. 2, 3A and 3B, neither CBI-5725 nor sorafenib changed the level of phosphorylated B-RAF, but both drugs markedly increased basal C-RAF phosphorylation in a dose-dependent manner. Although both CBI-5725 and sorafenib paradoxically enhanced C-RAF activation, they both suppressed the phosphorylation of MEK and ERK in a dose-dependent manner (Figs. 2, 3C and 3D ), suggesting that both CBI-5725 and sorafenib are pan-RAF inhibitors.
The ratio of each phosphorylated protein to total protein was examined by one-way ANOVA followed by Tukey's post hoc test, and the data indicated that the effects of CBI-5725 and sorafenib on the RAF/MEK/ERK cascade were comparable ( Fig. 3A-D) . Total B-RAF, C-RAF, MEK, ERK and Akt levels were unaltered, and no changes were detected in phospho-Akt levels (Fig. 3E) .
CBI-5725 modifies the cell cycle. In eukaryotic cells, the cell cycle is a highly conserved mechanism by which replication occurs (23) . Irreversible cell cycle arrest serves as an alternative mechanism to prevent continued proliferation in cancer (24) .
As the above studies suggested that CBI-5725 prevents PLC/PRF/5 cell proliferation, the effect of CBI-5725 on cell cycle progression was examined. As shown in 
Apoptosis induced by CBI-5725 in PLC/PRF/5 cells relies on initiation of the caspase-3 signaling pathway. Caspases, as critical effectors of apoptosis, are divided into upstream initiator caspases and downstream executioner caspases (25).
There are two common pathways by which caspases can be activated. Caspase-9 is the upstream caspase for the intrinsic pathway, while caspase-8 has this role in the extrinsic pathway (26) . Both pathways converge on caspase-3, a downstream executioner caspase. Once activated, pro-caspase-3 is cleaved, giving rise to the active form of caspase-3. Active caspase-3 cleaves PARP, ultimately leading to apoptosis (27) . Cleaved PARP is among the most used biomarkers of apoptosis (28) . Changes in caspase-3 and PARP levels in PLC/PRF/5 cells after treatment with CBI-5725 or sorafenib were measured by Western blot analyses. As shown in Fig. 6 , a dose-dependent decrease in pro-caspase-3 and PARP levels and an increase in cleaved PARP levels were observed in cells after 48 h of CBI-5725 treatment. However, pro-caspase-3, PARP and cleaved PARP levels were not distinctly altered in cells treated with sorafenib. As shown in Fig. 6D 
CBI-5725 inhibits PLC/PRF/5 xenograft tumor growth in vivo.
To verify whether the effect of CBI-5725 on PLC/PRF/5 cells has clinical relevance, we treated HCC xenografts with CBI-5725 to assess its in vivo effect in comparison with that of sorafenib. A single tumor was observed in each mouse used in the experiments. As shown in Fig. 7A , CBI-5725 significantly inhibited PLC/PRF/5 xenograft tumor growth. In comparison with the vehicle group, in which the largest tumor diameter was 21 mm, 2 mg/kg CBI-5725 inhibited tumor growth by approximately 73% at the end of treatment (the largest tumor diameter was 13.4 mm), and 6 and 18 mg/kg CBI-5725 caused 89 and 92% tumor growth inhibition, respectively (the largest tumor diameters were 10.7 and 10.3 mm, respectively). Sorafenib tosylate inhibited PLC/PRF/5 tumor growth in a dose-dependent manner. At 10 and 20 mg/kg, sorafenib inhibited tumor growth by 19 and 64%, respectively (the largest tumor diameters were 19.5 and 15 mm, respectively). There was no increased weight loss in each treatment group relative to the control group.
Discussion
Sorafenib is a multikinase inhibitor that acts in opposition to the Ser/Thr kinase RAF and to a number of receptor tyrosine kinases (RTKs), such as VEGFR2 and PDGFR, which are essential for tumor cell proliferation and angiogenesis. Moreover, sorafenib induces the apoptosis of PLC/PRF/5 cells (3). Although sorafenib is the only approved targeted drug for HCC patients, increased sorafenib resistance in HCC reduces its efficacy (29) . Since the advent of sorafenib, many trials for novel treatments for advanced HCC, primarily focused on molecular targeted therapy, have been conducted; however, with the exception of regorafenib, the results to date have been disappointing (11) . The difficulty in advancing a new drug or treatment method can be attributed to the diverse mechanisms of HCC carcinogenesis and progression, as well as to the existence of background liver diseases, such as chronic hepatitis and cirrhosis. Despite these failures, novel pharmaceutical drugs are still urgently needed. In this study, CBI-5725 was shown to more potently prevent the proliferation and induce the apoptosis of a human HCC cell line compared to sorafenib. CBI-5725 blocked the RAF/MEK/ERK pathway, inhibited the cell cycle at G2/M phase and induced apoptosis dependent on caspase 3/PARP activation. In addition, CBI-5725 exerted robust antitumor activity by inhibiting the growth of PLC/PRF/5 xenografts. Therefore, CBI-5725 is a potential therapeutic alternative to sorafenib for the treatment of HCC.
MAPKs are key signaling proteins that regulate normal cell proliferation, survival and differentiation (30) . Dysregulation of MAPK cascades plays an important role in HCC occurrence and development (31) . The MAPK pathway comprises a cascade of phosphorylation events initiated from activated RAF proteins to MEK and MEK to ERK (32) . RAF activity is strongly associated with cancer, and a diverse series of ATP-competitive RAF inhibitors has been developed over the past decade (33) . Some of these first-generation RAF inhibitors, such as the BRAF inhibitors vemurafenib and dabrafenib, have markedly inhibited BRAFV600E-dependent melanomas due to inhibition of the monomeric form of this specific BRAF-mutant protein (34) (35) (36) . However, in wild-type BRAF tumors bearing activating RAS mutations or increased RTK signaling, BRAF inhibitors were found to paradoxically induce RAF activation by RAF dimerization, leading to downstream ERK signaling and therefore enhancing tumor cell proliferation (7, (37) (38) (39) . To circumvent the limitation of first-generation RAF inhibitors, a broad set of pan-RAF inhibitors were identified, including sorafenib, LY3009120, TAK632, CCT196969 and CCT241161 (40) (41) (42) (43) . Pan-RAF inhibitors such as sorafenib can inhibit BRAF or CRAF with high affinity (44) . Though pan-RAF inhibitors induce BRAF-CRAF dimerization, they ultimately inhibit the phosphorylation of downstream MEK and ERK, confirming their efficacy in inhibiting the kinase activity of BRAF-CRAF heterodimers (41) . PLC/PRF/5 cells contain an activating mutation in the KRAS gene that may drive their aberrant proliferation with a greater dependence on signaling through the MAPK pathway for survival (4) . The data in the present study demonstrate that the response of the MAPK cascade to CBI-5725 resembles its response to sorafenib, suggesting that CBI-5725 may also be a pan-RAF inhibitor. CBI-5725 can block MEK/ERK signaling in PLC/PRF/5 cells harboring mutant K-RAS and wild-type BRAF.
Furthermore, cell cycle analysis by flow cytometry revealed a significantly greater accumulation of cells in G2/M phase after treatment with 15 µM CBI-5725 than after control treatment, indicating that CBI-5725 induces cell cycle arrest in G2/M phase. Since only approximately 35.77% of tumor cells accumulated in G2/M phase, CBI-5725 did not elicit an irreversible cell cycle arrest but rather slowed the progression through this phase of the cell cycle, which contributed to the inhibition of cell proliferation (45) . By contrast, the cell cycle distribution was nearly unaffected by 15 µM sorafenib, which complied with the result of a previous study (3) that the cell cycle distribution of PLC/PRF/5 cells was not affected by 24 h of treatment with sorafenib at 3, 10, or 15 µM. G2/M phase arrest relates to the down-regulation of cdc2, cdc25c and cyclin B levels, as well as the up-regulation of p21 and p-cdc2 levels (46) . Consequently, these regulators may be associated with the inhibition of the G2/M transition by CBI-5725.
Apoptosis, a tightly programmed cell death process, plays a critical role not only in the growth and homeostasis of normal tissues but also in the treatment of cancer, as it is a target of many therapeutic approaches. In this study, the CBI-5725-induced apoptosis of PLC/PRF/5 cells was examined by an Annexin V-PI assay, and a remarkable dose-dependent effect was detected. Moreover, CBI-5725 was shown to induce apoptosis more potently than sorafenib. The mechanism of the action of CBI-5725 on the apoptotic pathway was explored. Caspases are fundamental in apoptosis pathways because they are both initiators and executioners. Caspases can be activated through two common pathways. The intrinsic and extrinsic pathways converge on caspase-3, a downstream executioner caspase. Once activated, pro-caspase-3 is cleaved to produce the active form of caspase-3, which is primarily responsible for PARP cleavage during cell death (47) (48) (49) . PARP is an active participant in pivotal biological processes such as transcription and cell cycle modulation, the DNA damage response, apoptosis and genome integrity maintenance (50) . Cleavage of PARP promotes cell destruction and functions as a marker of apoptotic cells (51) . After treatment with CBI-5725, the levels of pro-caspase-3 and PARP decreased, while cleaved PARP levels increased, indicating that apoptosis induced by CBI-5725 in PLC/PRF/5 cells proceeded through the caspase-dependent pathway. However, sorafenib did not remarkably alter pro-caspase-3, PARP and cleaved PARP levels, suggesting that sorafenib-induced apoptosis might not rely on caspase activation in PLC/PRF/5 cells. This result is consistent with previous findings (3).
In the PLC/PRF/5 tumor xenograft experiments, CBI-5725 robustly prevented tumor growth. CBI-5725 at doses from 6 to 18 mg/kg produced nearly complete tumor growth inhibition after 14 days of oral administration. On the other hand, complete tumor growth inhibition was not achieved with sorafenib tosylate at doses up to 20 mg/kg. The above results obtained from the in vitro experiments imply that blockage of the RAF/MEK/ERK pathway, induction of cell cycle arrest and initiation of apoptosis may lead to the tumor growth inhibition observed in PLC/PRF/5 tumor xenografts treated with CBI-5725.
The findings described herein are promising and should be verified in other HCC cell lines, such as HepG2 cells. The mechanisms underlying the superior antitumor efficacy of CBI-5725 remain to be determined.
In conclusion, this study demonstrates that CBI-5725 strongly inhibits HCC cell proliferation in vitro by blocking the RAF/MEK/ERK pathway to the same extent as sorafenib, elicits G2/M cell cycle arrest and induces tumor cell apoptosis more potently than sorafenib. These findings may contribute to the remarkable antitumor efficacy of CBI-5725 against a human HCC xenograft model. Therefore, CBI-5725 may be an alternative to sorafenib for the treatment of liver cancer patients.
